Introduction: Medium-term results for total ankle replacement (TAR) are in general satisfactory, but there is a high redo rate for periprosthetic osteolysis associated with the AES implant. Hypothesis: Comparing radioclinical findings and histologic analysis of implant revision procedure specimens can account for the elevated rate of osteolysis associated with the AES TAR implant.
Introduction
Total ankle replacement (TAR) is currently an acceptable treatment for degenerative ankle lesions of whatever cause [1] [2] [3] . Ten-year implant survivorship, however, was only 62% to 72% in the Scandinavian registries [4] [5] [6] [7] , compared to 80% to 90% as in series mainly reported by the designers [8, 9] , and 90% to 98% for hip and knee replacements [10] .
Periprosthetic radiolucency and osteolysis has been little or poorly analyzed in TAR series. Massive ''ballooning'' periprosthetic osteolysis was reported mainly in connection with the Agility implant (a 2-component model much used in the USA), with a rate of 15% and 8.5% implant subsidence in Knetch's series [11] of 132 implants at 9 years' mean followup.
In 2009, our team reported a prospective series (2003) (2004) (2005) (2006) of 50 Ankle Evolutive System (AES) TARs [12] , showing 29% and 22% rates of severe (>1 cm) tibial and talar cysts respectively, at 45 months follow-up. This cystic osteolysis induced mechanical complications due to tibial and talar cortical microfracture, notably involving collapse of the talar component, requiring reconstruction arthrodesis.
The cause of these cysts remains unclear. The hypothesis of the present study was that comparison between histology and radioclinical analysis can account for the onset of severe periprosthetic osteolysis with the AES TAR. Twenty of these patients (13 male, 7 female: 22 ankles) required surgical revision for periprosthetic osteolysis with threatening evolution or directly associated with mechanical complications.
Material and methods

Patients
There were 25 revision procedures: in eight cases, the implant was removed and arthrodesis was performed; 14 cases were treated by curettage and grafting of the cyst with replacement of the polyethylene bearing, and three of these patients, treated conservatively, required reintervention by arthrodesis due to severe cystic recurrence (Fig. 1) . In three cases, revision was performed in a different center, and the histology specimens could not be included in the present analysis: one patient underwent primary revision arthrodesis, and one was treated first by curettage and grafting, with arthrodesis 4 years later. The present analysis was thus founded on 22 histology specimens taken during revision of AES TARs. Two other patients from the series were scheduled for arthrodesis at the time of writing.
The initial TAR indication was post-traumatic osteoarthritis in 11 cases and osteoarthritis secondary to chronic ligament instability in the other 11 cases. Mean age at TAR was 50.5 years (range, 21-74 years).
Implant characteristics
The implants in question were AES (Ankle Evolutive System) TARs [13] , manufactured by Transystem (Nîmes, France) and marketed by Biomet (Valence, France). The design was developed from the Buechel Pappas TAR, with three nonstressed non-cemented components. The tibial and talar components were in chromium-cobalt alloy (Co-Cr) with the mobile bearing in ultra-high molecular weight polyethylene (UHMWPE). Two versions were successively marketed: the first had a modular tibial component, with a Morse taper to adapt the tibial stem, and a hydroxyapatite (HA) coating; as of August 2004, this was replaced by a second generation AES TAR with a monoblock tibial stem and a coating comprising a thick layer of plasma-pulverized titanium covered by hydroxyapatite (Ti-HA).
Radiology
Prospective radiologic monitoring was systematic:
• plain AP and lateral weight-bearing ankle views, preoperatively, postoperatively, at 6 months and then annually; • 3D ankle CT scan, pre-operatively and at 3 and 5 years.
X-rays were analyzed on the protocol of Besse et al. [12] (Fig. 2) . CT scan was systematic before revision, to map lesions precisely and look for any cortical lysis.
Inclusion criteria and patient data
The indications for revision were:
• radiologically evolutive periprosthetic cysts of more than 3 cm diameter with risk of talar and/or tibial component collapse into the cysts; • mechanical complications related to periprosthetic osteolysis: implant collapse into cyst or cortical lysis with painful microfracture.
None of the patients had history of ankle sepsis or signs of chronic or acute sepsis. The functional impact of the osteolysis was assessed using the AOFAS functional score [14] ahead of TAR, at 1 year postoperatively and ahead of revision.
Histology
The surgical specimens were fixed immediately in buffered formaldehyde solution. After inclusion in paraffin, 3-5 slices were prepared for slides with hematoxylin-eosin staining. All the samples were analyzed by senior pathologists of our center, who sent back written reports.
Between March and December 2012, all these samples were re-examined by a senior pathologist (RB) and a junior surgeon (FD) under optical microscopy in standard and polarized light. A form was filled out for each slide, quantifying and describing the inflammatory reaction and necrosis, analyzing the synovial sheath and bone tissue, and noting any foreign bodies.
Results
The mean interval between TAR and revision was 59.8 months (range, 26-108 months). No macroscopic metallosis was found during revision. None of the polyethylene bearings showed macroscopic signs of wear.
Functional results
Mean AOFAS functional score was 37.3 (23-54) pre-TAR and 89.7 (78-100) at 1 year; by revision, this had fallen to 72.9 (40-100). This fall was mainly due to pain, with a mean pain score of 32.5/40 at 1-year post-TAR and 20.6 at revision.
Radiology results
Evolutive osteolysis was found at the 1-year check-up for two patients, but for most was diagnosed on the second year radiographs. All patients had bipolar lesions (Table 1 and Fig. 3 ). On pre-revision CT, eight ankles showed tibial or talar cortical lysis. Six patients showed implant failure, implicating osteolysis: one medial malleolar fracture, and five cases of talar component collapse.
Histology results
A total of 94 specimens were analyzed. For each ankle, there were between three and eight specimens including at least one slide of synovial tissue, one of periprosthetic bone tissue and one of cyst contents (Tables 2 and 3 ).
The synovial sheath systematically showed abrasion and was often covered in fibrinoid necrosis (Fig. 4 ). There were no polynuclear infiltrates. Bone tissue showed signs of resorption with macrophagic granulomatous reaction in the medullary tissue, comprising histiocytes and polynucleate giant cells.
The ''heart'' of the cysts comprised acellular eosinophilic necrosis, free of foreign bodies. At the periphery of this necrotic region, there was a macrophagic inflammatory reaction of the same type as found in the bone tissue, but with a predominance of histiocytes; intensity was moderate in 73.3% of the samples and high in 15.7%.
Various materials were found within the inflammatory granulomas. Some bodies were clearly foreign: polyethylene or metal debris as classically described in resorption in contact with the implant. The polyethylene was in the form of colorless translucent fragments, strongly birefringent under polarized light; they were either large (20-25 m) and extracellular, in contact with polynucleate giant cells, or smaller (2-5 m), in the form of debris in the histiocyte cytoplasm, difficult to see under standard light but easily picked out under polarized light ( There were also metal particles (0.3-1.5 m) within the cytoplasm of spumous histiocytes, found in 50 samples (12 ankles: 60%) (Fig. 6 ). Amounts were small, except in cases 5 and 19, but were found in all patients with HA-coated implants and in four (33.3%) of those with Ti-HA coatings. Microscopy was unable to determine whether the particles were of chromium, cobalt or titanium. It is noteworthy that the HA-coated models had modular tibial stems, adapted to the bearing by a Morse taper, which was found on revision to have come loose.
We also found a brownish pigment in the histiocyte cytoplasm (Fig. 7) . The aspect did not suggest a formaldehyde pigment; it was negative on Perls' staining, and therefore not a hemosiderin pigment. It was found in nine samples (four ankles) from patients with HA-Ti-coated implants (33.3% of HA-Ti-coated implants). There were also 15-25 m particles in the cytoplasm of giant cells; they had a pale, flakey aspect, non-refringent under polarized light (Fig. 8 ).
They were found in 12 samples (six ankles: 30%): 44.4% of HA-coated implants and 18.2% of HA-Ti-coated implants; these samples also showed metal and polyethylene particles.
In the two ankles (cases 5 and 8) that underwent curettage-grafting followed by arthrodesis, there was no difference on histology between the specimens from the two operations.
A preliminary study by X-ray diffraction and infrared spectrometry of two samples of cyst contents failed to determine the nature of the foreign bodies found in the periprosthetic tissue, as quantities were too small for the sensitivity of the techniques used. 
Discussion
Our experience with AES TAR finds a 28.6% rate of revision for severe evolutive periprosthetic osteolysis. Histologic analysis of revision specimens found two clearly identifiable types of foreign bodies related to implant wear: polyethylene, in 95% of the cases, but also metal particles in 60%. Two other types of material were associated, the nature and indeed the actual foreignness of which could not be determined: a brownish pigment, in 20% of the cases that was neither suggestive of the formaldehyde involved in the histology fixation liquid and technique nor a hemosiderin pigment, being negative for Perls' staining; and, in 30% of the cases, flakey cytoplasm inclusions found in macrophages. The strong points of the present study lie in its continuous prospective design, involving a single senior surgeon. Histology specimens were re-analyzed by an independent senior pathologist. The weak point lies in the fact that the surface coating was changed in 2004, which may induce bias in the analysis of the pathology results and a limitation on the ability of a simple histologic examination to identify the exact nature of the material found.
The exact physiopathology of osteolysis is unclear. In hip arthroplasty, osteolysis is seen as a foreign-body reaction to cement and polyethylene wear debris [15, 16] . Particles of polyethylene (UHMWPE), PMMA cement, chromium-cobalt (Cr-Co), titanium alloys, alumina (Al 2 O 3 ) and zirconium dioxide (ZrO 2 ) are all implicated [17] . This biological activity, however, depends more on the size than the nature of the particles [18] . Particles of polyethylene, of any kind of metal (stainless steel, Co-Cr, titanium) or ceramic measuring less than 7 m may be phagocyted by macrophages, releasing pro-inflammatory cytokines [19] [20] [21] ; this triggers a cascade of biological reactions, including the release of the receptor activator of NF-kappaB (RANK) which binds to the receptor activator of NF-kappaB ligand (RANKL), inducing osteoclastogenesis and osteolysis and inhibiting osteogenesis [15, 16, 18, 22, 23] .
Several reports of short-and medium-term findings with the AES ankle prosthesis focused on periprosthetic osteolysis and imaging of the bone/implant interface [12, [24] [25] [26] [27] . Koivu et al. [24] reported a 21% severe lesion rate at 31 months, Harris et al. [25] a 24% rate of significant lesions at 58 months, Leemrijse et al. [26] a 77% rate of cysts on radiographs and 100% on CT scans at 39 months, and Kokkonen et al. [27] a 79% rate of osteolysis and 40% rate of severe cysts at 28 months.
CT allows earlier detection of such lesions, especially those under the talar component, and precise monitoring of their evolution [12, 28] . Periprosthetic osteolysis has also been reported with other TAR models, both the 2-component Agility implant [11] and 3-component designs [29] [30] [31] [32] .
Several hypotheses may be advanced to account for the elevated rate and early onset of evolutive cysts in the present AES TAR series.
The tibial stem fixation has been incriminated; cysts, however, also formed in the talus. The implant design as such would not seem to be implicated, as it is similar to that of the Buechel Pappas TAR, for which Buechel, the designer, reported 92% 10-year survivorship [8] and Doets (non-designer) 84% 8-year survivorship [29] .
The problem may lie in defective implant positioning: fitting a TAR is more operator-dependent than fitting a hip or knee replacement [30] . In the present study, however, there were no frontal or sagittal positioning defects of more than 5
• , and 98% of implants were well centered [12] . Bonin et al. [31, 34] suggested that some of the cysts found might have evolved from pre-existing arthritic cysts; the patients in this study [34] , however, had not had preoperative CT scans screening for pre-existing cysts, as was the case in the present series where the cysts investigated were not found on pre-operative scans but appeared between the first and second year postoperatively, showing rapid evolution. Moreover, in agreement with Koivu et al. [24] , the present histologic study found metal particles and foreign bodies, suggesting that Bonin et al.'s hypothesis [31, 34] is mistaken.
The polyethylene of the mobile bearing may be subject to the greatest stress, shearing against the tibial component. However, the implication of polyethylene in these granulomatous formations, as found with polyethylene wear in hip replacement, is not the only possibility, given the early onset and rapid evolution of osteolysis with no macroscopic signs of wear found on the mobile part during revision surgery.
The AES model requires considerable bone resection in the tibia and talus, due to the thickness of the tibial component (5 mm), the horizontal talar section and the supplementary anchorage in the talar neck. This cancellous anchorage, in contrast to a subchondral anchorage [35, 36] , could account for the implants less satisfactory primary stability, with migration of wear debris [37] . The talar cysts, indeed, begin almost at the level of the talar component's anterior anchorage groove in the talar neck. There is as yet no evidence regarding these factors, which remain hypothetical and may possibly be associated.
In the present series, no patients free of cysts at 1 year went on to develop cysts later. The hypothesis we adopt is therefore that the AES TAR has insufficient primary fixation, leading to delamination of the 2-layer coating and foreignbody reaction to titanium and HA particles, as described by Koivu et al. [24] .
The metallurgy and polyethylene of the implants could in principle be implicated, but all later tests confirmed that they meet current standards.
With the first generation AES models, large amounts of metal particles were found, probably due to the modular design of the tibial stem; with second generation models, brownish pigments were found, which may have come from the Ti-HA coating. The new 2-layer Ti-HA coating may lead to delamination by fretting during the consolidation of the biological bone anchorage. The titanium particles and chromium and cobalt ions probably come from shear stress detaching them from the coating, leading to the resorptive inflammatory reaction seen in histology. Koivu et al. [24] reported the only histologic analysis of AES TAR revision specimens, with results identical to those of the present study: central acellular necrosis for the cystic formations and hystiocytic macrophagic granulomatous inflammation mainly in contact with polyethylene and metallic foreign bodies. In the present study, metallic particles, when present, were not numerous. The bone tissue was in resorption, with rarefaction of osteoblasts. Like Koivu et al., we interpret this histologic aspect as a foreign-body reaction. Metallic particles were found in all eight patients with HA-coated implants, whereas four of the patients with Ti-HA coating showed the brownish pigment discussed above and four others showed metallic particles; the brownish pigment was never associated with an HA coating, and could derive from particles coming from the Ti-HA, although it was not possible to demonstrate this and, to the best of our knowledge, no studies have been made of this phenomenon; histopathology alone is unable to determine the exact nature of the metal and certain other foreign particles [38] .
To confirm the implication of the 2-layer coating in the genesis of these osteolytic lesions, it would be necessary to be able to study the adherence of the titanium and hydroxyapatite coating of AES TARs in comparison with the coatings of other implants on the market. This information was not included in the national health insurance coverage approvals delivered in 2005 for the four implants authorized in France: AES, Hintegra, Salto and Star. Moreover, the version of the AES implant that was approved in 2005 had a purely hydroxyapatite coating, and the subsequent abolition of modularity and the introduction of the 2-layer coating were not mentioned to the authorities. Unfortunately, the distributor, Biomet, was unable to provide us with unused implants for testing.
Conclusion
TAR osteolysis is a worrying phenomenon, and is more frequent with the AES implant, jeopardizing stability.
The physiopathologic mechanism involved is poorly understood, although wear debris from polyethylene and also titanium, chromium, cobalt and perhaps hydroxyapatite seem to be at the origin of this cell-mediated inflammation. The TAR models currently on the market in Europe are made of the same materials as the AES and have a 2-layer Ti-HA coating; it is thus possible that the issue arises even for the implants currently authorized in France.
There are very few independent series in the literature that could shed light on survivorship. Indications should therefore be made with caution and the bone/implant interface should receive regular surveillance. Other authors: no conflict to declare.
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